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ABSTRACT
In this study, we designed and implemented an education using CubeSat educational kit “HEPTA-Sat” to acquire
Model-Based Systems Engineering (MBSE) practically. We share the lessons learned there.
In the development of complicated systems such as CubeSat, it is difficult to manage requirements and tasks only
in the mind, and omissions and inconsistencies may occur. And, in communication between members and document
accumulated in the project, there is often a contradiction with the receiver, since there is implicit information which
is not clarified in the background. Therefore, by describing a system in a modeling language and managing it by
connecting various related information , it is possible to grasp the whole complicated system and its context, and to
succeed project management and knowledge management.
Therefore, we designed a course to practically acquire approach to realize the above system development and
conducted it. The course consisted of overview of Systems Engineering, practical assembly of HEPTA-Sat,
explanation of the system model, practical training in mission design and modeling, mission implementation and
verification, and presentations.
Because modeling is a highly abstract task that describes the structure and behavior of a system graphically, it is
difficult for beginners. For this reason, students will practice assembling the HEPTA-Sat, which enables them to
learn the basic functions of the satellite system, before handling the system in an abstract manner, and deepen their
understanding of the specific system.
In modeling, free graphic drawing tool "diagrams.net" is used, the system is expressed from 3 views (operational,
functional, physical), and 2 sides of static and dynamic. A series of flow is presented so that modeling can be
performed while maintaining consistency among multiple models. In addition, an example of the mission and
system model of HEPTA-Sat was prepared, and it was used to promote the understanding modeling approach.
Mission design, modeling, implementation and verification were carried out as a field of the practice of the
learned content. Verification Matrix which arranged the verification item by the retrieval from the model and the
report which records the result of the verification were also made. They are connected to model by hyperlink as the
simple demonstration of connecting model and context.
Because it was possible to teach consistently with one thing, positive opinions such as "It was easy to understand
by dealing with the system from both abstract and concrete aspects." were obtained from the participants. In the last
presentation, many students were able to deepen their understanding of the model. Therefore, if the cycle from input
to output can be carried out multiple times, it is expected that understanding will improve.

INTRODUCTION

connected and managed. So, we believe that it is
possible to successfully operate projects and pass on
knowledge. Model-Based Systems Engineering
(MBSE)[1] is a systematization of the flow and thinking
to realize the system development described above.
MBSE is attracting attention as it will play a major role
in future system development. However, it takes a long
time and high educational cost for an individual to learn
and use MBSE, which deals with a highly abstract
concept of model, only through classroom lectures.
Therefore, it is not easy to introduce MBSE in actual
development sites and apply it to projects. Therefore, it
is necessary to introduce MBSE in actual development

Problems in today's system development
The design and development of spacecraft systems is
often carried out by a large number of personnel,
including developers from different technical fields and
different organizations. As a result, there is a lot of tacit
knowledge that is not explicitly stated in the
communication and documents produced in project
activities, resulting in incomplete information transfer.
Therefore, we describe the target system in a modeling
language. By doing so, ambiguities in the information
can be clarified, and related information can be
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sites and design MBSE education so that individual
project members can use it smoothly.

Systems Engineering, (2) HEPTA-Sat assembly
practice, (3) Explanation of system model, (4) Mission
design & modeling practice,
(5) Mission
implementation & verification, (6) Presentation

Previous Research
There have been several researches and efforts on
MBSE education on the subject of satellites, which are
complex systems. In terms of national activities, ESA
(European Space Agency) is organizing its own CanSat
European Competition to educate the students who
participated in the competition about the concept of
systems engineering and satellite systems[2]. As for
individual activities, Sakamoto et al. have been working
on a systems engineering education program, Spindle
(Systems Engineering and Project Management), which
is an introductory lesson for students who develop
CanSat (a mock satellite the size of an empty can) and
CubeSat. (Systems Engineering and Project
Management introductory lesson) for students
developing CanSat and CubeSat[3]. The purpose of
Spindle is to learn the concept of systems engineering
and project management techniques through the
development of CanSat and CubeSat. In both activities,
students can learn the knowledge and skills necessary
for practical satellite development and the concept of
systems engineering by experiencing actual system
development (satellite development). Although the
scale of development of satellites such as CanSat and
CubeSat is smaller than that of large satellites, it still
takes more than half a year to develop a satellite. In
addition, such educational opportunities are available
only to graduate students and senior undergraduates of
universities with aerospace engineering majors, and the
number of students who can receive such education is
small. Therefore, there is a problem that MBSE
education is not accessible to everyone.

In the following, as a detailed explanation of the
class curriculum of this study, we describe "HEPTASat", a hands-on kit for nano-satellites that corresponds
to (2). Then, "HEPTA-Sat Training", which is a
satellite education program using "HEPTA-Sat", is
described. Next, we describe that "HEPTA-Sat
Training" is effective to be applied to MBSE education.
Finally, (1), (3), (5), and (6) of the class curriculum are
described, and in addition, the mission design and
modeling practice that falls under (4) is described in
detail.
CubeSat educational kit “HEPTA-Sat”
The micro/nano-satellite education kit "HEPTA-Sat"
is a satellite system engineering education material that
is the same size as 1U (about 10cm cubic) CubeSat,
which is being actively developed worldwide, and has
almost the same functions (Figure 1).

Purpose of Research
Figure 1: Outside of View HEPTA-Sat

In this study, we developed an educational content to
learn the design and development method of satellite
using Model Based Systems Engineering (MBSE)
through Assembly, Integration & Test (AI&T) of
HEPTA-Sat, a hands-on kit of micro/nano-satellite. The
purpose of this study is to practice the proposed
educational program on graduate students, to show the
results obtained from the practice, and to indicate
improvements for future development.

HEPTA-Sat consists of three boards (EPS & CDH.
Board, COM&Sensor Board, and User Board) with
each component and the structure that supports and
protects them (Figure 2).

RESEARCH CONTENT
Class design outline
In this study, we designed an educational content that
enables students to learn satellite systems and MBSE
practically. The content of the class can be roughly
divided into the following flow. The flow of
implementation is as follows: (1) Outline explanation of
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assembly confirmation and parts management. Since
these components are packaged in a single box as a kit,
it is portable and can be easily developed by anyone
anywhere with internet and PC (Figure 4).

Figure 2: Inside of View HEPTA-Sat

HEPTA-Sat has six functions: protection and support
of the satellite body, power generation, charging,
charge monitoring, charge control, data processing,
command, communication, and external data
acquisition. They are realized by six subsystems,
Structure Subsystem, Electrical Power Supply (EPS)
Subsystem, Command & Data Handling (CDH)
Subsystem, Communication (COM) Subsystem,
Ground Station (GS) Subsystem, Sensor Subsystem. It
is also possible to simulate satellite-to-ground station
communication by connecting a communication device
similar to HEPTA-Sat to a PC. The system
configuration diagram of HEPTA-Sat is shown below
(Figure 3).

Figure4:

We describe the past activities of the educational
program using the micro/nano-satellite hands-on kit
"HEPTA-Sat".
Satellite Education "HEPTA-Sat Training"
In HEPTA-Sat Training, a hands-on space human
resource development program using a simulated
satellite HEPTA-Sat, we will develop a model satellite
"HEPTA-Sat" by reading a textbook and a procedure
manual. As shown in Table 2, the text used here
consists of seven elements: Lab0 and programming
language to understand the definition and usefulness of
nano-satellites, and Lab1~Lab7 to understand the role
of each subsystem that makes up a satellite and how to
design, assemble, and integrate them. The contents start
with an overview of nano-satellites, followed by
chapters on the basics of programming and the
subsystems that make up the satellite. The chapters for
each subsystem are divided into a Lecture Part, which
explains general satellite functions and related
terminology, and a Hands-on Part, which describes
assembly, integration, and testing methods in a detailed
step-by-step manner like a procedure manual (Figure 5).
The book alternates between theory and practice, and is
structured so that each step is as small as possible to
avoid leaps and bounds, so that even a self-taught
person can obtain the minimum knowledge required for
nano-satellite development. The kit and the text are
revised periodically to realize the formalization of the
tacit knowledge extracted in the program.

Figure3: System Architecture of HEPTA-Sat

Most of the components in HEPTA-Sat are DIPs,
which means that they can be mounted simply by
inserting them into sockets, and the components can be
easily removed. In addition, skills such as soldering are
not required in learning to use HEPTA-Sat. In addition,
all components are bagged and numbered for easy
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Table 2: Contents of Textbook
Chapter

understanding and knowledge. In order to demonstrate
the designed mission, each group of participants will
develop a system. In this process, the students will
automatically review what they have learned in Step 1
again, which will lead to an increase in their level of
understanding.

Descriptions

Lab#0

What is CubeSat? How to develop it?

Lab#1

Construction of Development Environment for Hands-on
Training and Programming Practice

Lab#2

Electric Power Supply (EPS) Subsystem Design

Lab#3

Command & Data Handling (C&DH) Subsystem Design

Lab#4

Sensor Subsystem Design

Lab#5

Communication (COM) Subsystem and Ground Station
(GS) Subsystem Design

Lab#6

Structure (STR) Subsystem Design

Lab#7

Mission Design, System Design , Systems Engineering

Figure5: Curriculum of HEPTA-Sat Training
Program
The educational program for nano-satellite system
"HEPTA-Sat Training" consists of two parts as shown
in Figure 5: the basic part consisting of Intro and
Lab0~Lab6, and the application part consisting of Lab7.
The purpose of the basic course is to understand the
structure of satellite systems through the development
of model satellites, and the purpose of the applied
course is to devise missions using satellites. In the
process, we aim to acquire the concept of systems
engineering by thinking for ourselves what is necessary
for the success of our satellite development.

In the case of on-the-job training through nanosatellite development projects that have been conducted
so far, it takes a long time (1~2 years) to experience the
entire system development, and it is difficult to
understand the entire system from a bird's eye view
because the development is divided into each system.
On the other hand, in HEPTA-Sat Training, in a short
period of about one week, students can experience not
only the development of HEPTA-Sat, but also the
whole process of satellite system development, such as
devising, developing, testing, and reporting the results
of missions using HEPTA-Sat.

In the development stage of HEPTA-Sat in Step 1,
the process of understanding of functions, assembly,
integration, and testing is repeated step by step from the
component level to the subsystem level, system level,
and so on until the system is configured, so that we can
understand how components constitute subsystems and
systems. In this way, we can understand how
components constitute subsystems and systems. In
addition, it is possible to understand how components
behave in systems and subsystems, not only locally, but
also holistically with an awareness of the connections
among components, subsystems, and systems.

HEPTA-Sat Training began full-scale deployment of
the program overseas in September 2017, and by March
2021, the program had conducted trainings for various
organizations and individuals, both in the humanities
and sciences, in various parts of the world, with more
than 500 participants from 53 countries to date.
MBSE education
Progarm

HEPTA-Sat

Training

From the characteristics of HEPTA-Sat Trainig
described so far, the following can be said as reasons
why HEPTA-Sat Training is suitable for MBSE
education.

In the mission design of Step 2, by actually thinking
about what you want to achieve with the satellite, it is
easy to raise many critical questions that you would not
have noticed if you were just going through the
textbook. By discussing the questions with the
instructors, the participants will gain a deeper
Takumi Sato

using

• Since the system architecture of HEPTA-Sat is
relatively simple, it is not overly complicated when
4

[35th] Annual
Small Satellite Conference

modeled and the model is easy to understand.

Table2:

• By using the HEPTA-Sat model as it is, only the

Class

part of the subsystem that needs to be added needs
to be modeled, thus reducing the burden and time of
the participants.
• By using the HEPTA-Sat part of the system as is,
we can experience the benefits of system
seriesization, which is frequently done in today's
system development, such as improving existing
systems.
• Repeated practice, a feature of HEPTA-Sat
Training, facilitates mutual understanding of
models and components.

(1)

systems engineering process

2.

satellite system architecture

3.

consistent system design methodology

4.

describing a system with SysML

(2)

SE Introduction：Why is SE so important in satellite
development?

Hands-on: HEPTA-Sat Training
Lab1 ： Creation of Development Environment for
Hands-on Training and Practice Programming
Lab2 ：Electric Power Subsystem (EPS) Design and
Management
Lab3 ： Command & Data Handling Subsystem
(C&DH) Design
Lab4：Sensor Subsystem Design
Lab5 ： Communication(com)Subsystem and Ground
Station(GS)Subsystem Design
Lab6: Structure Subsystem(STR)Design

To achieve these goals, in the satellite education
using MBSE proposed in this study, we added MBSE
elements to HEPTA-Sat Training and designed an
educational program that has bidirectional
connection between system model and physical
system. In addition, it is necessary to have
consistency between the physical system of HEPTASAT and the modeling exercise so that the step of
learning the satellite system and the modeling
exercise do not diverge. At this time, all the models
were expressed in advance so that the class could
proceed smoothly, and they were distributed in the
class, and the modeling exercise was conducted
based on them. The details of the educational
program proposed in this study, which incorporates
MBSE elements into HEPTA-SAT Training, are
shown in Table 2 below. An explanation of the
modeling exercise is also given.

Takumi Sato

Description

Understanding the entire system lifecycle：An
example of a HEPTA-Sat mission is shown.
Benefits of MBSE: Benefits of the model and why we
need both concrete and abstract
Management: What is risk, project, schedule, and
team management?

Therefore, the major goal of the MBSE education
proposed in this study is to acquire practical knowledge
of systems engineering and project management, which
are important in upstream design, in order to be able to
develop new large-scale and complex systems. In order
to accomplish this major goal, we aimed to have the
students understand the following items through
lectures and practical training
1.

Class curriculum

(3)

Explanation of HEPTA-Sat functions and
operational model
Review of MBSE concept and SE concept

(4)

Operation model and function model exercise:
Connection between user model and function model,
function model and physical model
Physical model exercise: Adding sensors to HEPTASat and implementing software

(5)

Group work to implement and test

(6)

Final Debriefing: Each student is expected to make a
presentation within 10 minutes.
Submission of results: Presentation materials, System
Models (diagram.net file), Verification Matrix (google
spreadsheet), Verification Plans and Results (google
document)
Class Questionnaire

We will describe in detail each of the models that we
learn in the modeling exercises in parts (3) and (4) of
the class curriculum shown in Table 2. First, the
characteristics of each model are shown in Table 3.
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Table 3: Model Types

clarified. The diagram that represents this is the activity
diagram (Figure 7).

Model Diagram
View

Definition
Static

Dynamic

or

Use case
diagarm

Activity
diagram

required

Block
definition
diagram

Activity
diagram

Operational

How to use
operate system

Functional

Functions
in system

Physical

Hardware&Software
Achieve functions

Internal block
definition
diagram

Figure7:
In addition, we set up a magnetic measurement
mission using HEPTA-Sat in the class and describe the
roles of each of the five models used as examples in the
modeling exercise (Figures 6-10).

The model diagram shown in Figure 8 is the
Function/Static of HEPTA-Sat Model. In this section,
we analyze the functions of the system to be handled
and identify them down to the single function level. The
Block definition diagram shows these results (Figure 8).

The model diagram shown in Figure 6 is the
Operation/Static of HEPTA-Sat Model. Here, it is
necessary to clarify the operation of the system that
should be developed to accomplish the magnetic
measurement mission. Therefore, how the target system
is used in relation to the external system is expressed by
use case diagarm (Figure 6).

Figure6:

Operation/Static of HEPTA-Sat Model

The model diagram shown in Figure 7 is the
Operation/Dynamic of HEPTA-Sat Model. In this
diagram, the functionality is expressed in the use case
diagarm shown in Figure 6, and the functionality that
the target system should have for the external system is
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The model diagram shown in Figure 9 is the
Function/Dynamic of HEPTA-Sat Model. Here, we
show the dynamic connection between functions from
the block definition diagram shown in Figure 8. The
diagram that shows this is the Activity diagram (Figure
9).

Figure10: Physical/Static of HEPTA-Sat Model
In the stages (5) and (6), mission design, modeling,
implementation, and verification were conducted as
opportunities to practice what was learned. The class
was designed so that the students would prepare a
Verification Matrix, which summarized the items to be
verified from the model, and a report to record the
results of the verification. In addition, by linking the
corresponding parts of the model, the Verification
Matrix, and the report with hyperlinks, we demonstrate
how to connect the model and information in a simple
way. At the end of the class, students make a final
report on their work.

APPLICATION OF THE PROPOSED METHOD
Implementation Results
Figure9:

Function/Dynamic of HEPTA-Sat Model

The class curriculum proposed in this study was
taught to graduate students. Many students understood
the connection between the model and the physical
system, HEPTA-Sat, according to the deliverables
submitted by the students and the contents of the final
report. This may be because of the connection between
the physical system HEPTA-Sat and the model diagram
that they thought of. In addition, it is thought that the
understanding of the model itself was deepened by
presenting an example when teaching the model. The
questionnaire results also showed that the students were
able to understand the connection between the physical
system and the model, and that it was easy to learn how
to use the modeling tools.

The model diagram shown in Figure 10 is the
Physical/Static of HEPTA-Sat Model. In this figure, the
physical components that satisfy a single function and
their connections are shown from the block definition
diagram shown in Figure 8. This is shown in the
internal block definition diagram (Figure 10)

As a result, it is thought that MBSE education using
HEPTA-Sat was realized by connecting HEPTA-Sat
and modeling exercise, which enables students to learn
the abstract concept of model while touching physical
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components. One of the negative comments was that it
was difficult to use the modeling tools.

2.

ESA:”EUROPEAN CANSAT COMPETITION
GUIDELINES”2018

Cosideration

3.

Hiraku Sakamoto, Toshitaka Miura, Kenta
Kawaguchi, Takashi Kamiya, Hiroki Akagi,
Kyohei Akiyama, Yuuki Okada, Seiko Shirasaka
and Naohiko Kohtake,” Systems Engineering
Education through Students’ CanSat Project
Interacting with Young Professional Engineers”:
Trans. JSASS Aerospace Tech. Japan 2014

In the MBSE education proposed in this study, we
were able to teach the connection between systems
consistently with a single thing called HEPTA-Sat.
Therefore, the participants gave positive comments
such as "It was easy to understand the system by
treating it from both abstract and concrete aspects" and
"It was easy to understand because there were examples
of a series of flows".In the final presentation, many of
the students showed a deeper understanding of the
model. This is thought to be due to the fact that they
were able to receive output and feedback that deepened
their understanding. Therefore, in the future, if the class
can be designed so that the cycle from input to output
can be carried out multiple times, the understanding of
the model can be expected to improve. Therefore, the
program proposed in this study will be modified based
on the results of this study, and finally, it will be
restructured.
FUTURE PROSPECTS
In order to establish an educational program for
practically learning design methods for complex
systems, modeling practice using modeling tools was
applied to the mission development part of HEPTA-Sat
Training and conducted as a graduate school lecture. As
a result, the following can be said.
• HEPTA-Sat can be assembled from component

•

•

•

•

units without soldering techniques, making it easy
for first-time students to learn about satellite
systems.
Since the physical system can be decomposed to the
component level, it is easy to see the connection
with the model diagram.
In order to make it closer to the actual system
development, it is desirable to increase group work
and to include elements of system development
conducted by teams.
Teaching the model with an example of a mission
tailored to HEPTA-Sat will help students
understand how to use the modeling tools and the
model.
In order to deepen the understanding of the model,
it is recommended that a debriefing session be held
in the middle of the class curriculum.
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